Larval ethanol exposure alters circadian rhythm in D. melanogaster period mutants. Changes in circadian period and per mRNA persist in adults after removal of ethanol. Larval ethanol shortens period and decreases per mRNA levels in perL mutants. Larval ethanol lengthens period and increases per mRNA levels in perS mutants. 
ethanol intake affect the adult circadian clock, perinatal or neonatal ethanol exposure also causes disruptions of per mRNA expression rhythms [7, 8] , and free-running rhythms [7, 9] . These studies show clear connections between ethanol consumption and alterations of the circadian clock, at both behavioral and molecular levels.
While Drosophila melanogaster has been a widely used model in studying the behavior and genetics of both the circadian clock [10] and ethanol exposure [11] , few studies have investigated effects of ethanol on the free-running rhythm in fruit flies. A recent study from our laboratories [12] shows that chronic developmental ethanol exposure alters the adult circadian free-running locomotor rhythm in wild-type Canton-S (CS) fruit flies in a dose dependent manner, even after ethanol treatment has been suspended. These previous investigations (including the aforementioned mammalian studies) have used only "wild-type" animal models, all with freerunning periods approximating 24 h. There appears to be a link Table 1 Adult locomotor activity levels (average beam crosses per 10 min bin ± SEM) and bout analysis of Canton-S, perS, and perL, in LD and DD, under the differing ethanol treatment conditions. On average, perS exhibit higher locomotor activity than perL, manifesting itself in more beam crosses per bin and longer bouts in both LD and DD. There are no differences in the number of bouts between perS and perL in LD, but perL showed increased number of bouts per day in DD compared to perS. There is no effect of ethanol on the activity amongst individual genotypes for overall activity levels, length of bout, beam crosses per bout, or number of bouts per day in LD or DD, excepting that perL receiving larval 10% ethanol showed increased number of bouts per day compared to control perL in DD only. Values with differing letters (a,b,c) are significantly different (p < 0.05).
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EtOH % N Activity LD Activity DD between ethanol consumption and genes regulating the circadian clock, as mutations in per2 lead to significantly increased ethanol drinking in mice and are associated with human alcoholics [13] . Per2 mutant mice exhibit increased drinking bouts compared to wild-type mice, and acamprosate (a drug known to reduce ethanol drinking) reduces the number of drinking bouts in an LD cycle [14] . It is currently unknown, however, how chronic ethanol affects the free-running rhythm in circadian mutants which do not exhibit wild-type length circadian periods. Thus, the present experiments aim to uncover effects of chronic ethanol ingestion on circadian behavior (locomotor activity rhythm) and its molecular mechanism (per mRNA) in Drosophila melanogaster, using the Long (perL) and Short (perS) variants of the period mutants, which have circadian periods of approximately 28.5 and 19.5 h, respectively [10] . For the behavioral assays, CS, perS, and perL Drosophila melanogaster, were reared and the activity and free-running periods were calculated using the protocols as previously described [12] . Flies were considered entrained only with LD periods of 24.00 ± 0.05 h. Composite actograms were generated by copying the raw numbers within each individual channel file (produced by FileScan) into a single column within a spreadsheet. Each individual fly received its own column. As each row constitutes the activity during a single 10-min bin for each fly, the numbers were averaged across each row and copied into a blank text file. The newly formed averaged activity file was imported into ClockLab to generate the actogram. A bout analysis for both LD and DD was conducted for all genotypes and ethanol treatments. The mean length of time (minutes), beam crosses per bout, and number of bouts per day were analyzed. An activity bout was defined as being greater than or equal to the average size of activity counts across the day, separated by at least 10-min of inactivity.
Six separate groups of these fly strains were also raised on either 0%-or 10%-ethanol supplemented food (same as in the behavioral analyses), and after eclosion, the flies were tested to determine the relative per mRNA level at ZT 12, using quantitative real time-Polymerase Chain Reaction (qRT-PCR). Total RNA (with DNAse treatment) from 25-30 heads of appropriate genotype and treatment was isolated using RNeasy miniprep kit (Qiagen, Valencia, CA). RNA quality and yield was measured using nanodrop spectrometer (Thermo Scientific, Wilmington, DE). qRT-PCR was performed in duplicates on 50-100 ng total RNA using one step Quantifast SYBR Green RT-PCR kit (Qiagen) on StepONE Real-Time PCR system (Applied Biosystems, Foster City, CA). Dissociation curve was analyzed to ensure primer specificity. Relative normalized transcript level was determined by delta-delta Ct method. RP49 was used as the normalizing gene. Mean ± SEM per transcript was calculated from six independent experiments. Welch's t-tests with the Bonferroni correction were performed to determine differences between ethanol receiving flies and controls, among the three genotypes. Per primers were 5 -GACCGAATCCCTGCTCAATA-3 and 5 -GTGTCATTGGCGGACTTCTT-3 , and RP49 primers were 5 -CGGTTACGGATCGAACAAGC-3 and 5 -CTTGCGCTTCTTGGAGGAGA-3 .
The mean activity level (number of beam crosses per 10 min bin) in LD and DD across all genotypes and ethanol treatments are listed in Table 1 . CS receiving larval 10%-ethanol were not significantly different from CS control receiving 0%-ethanol, regarding the mean activity level in LD (t 1,48 = 1.378=; p = 0.18) or DD (t 1,48 = 0.048; p = 0.96). Regardless of ethanol treatment, perS flies had significantly greater mean activity than perL, in both LD (Two-way ANOVA; F 1,110 = 88.99; p < 0.001) and DD (F 1,110 = 66.82; p < 0.001). In addition, there was no genotype by ethanol interaction for mean activity for perS and perL, in LD (p = 0.37) or DD (p = 0.57). These results are consistent with our previous study in flies [12] , where no differences in activity level in DD were found between larvalethanol treated animals versus controls.
The bout analysis showed that perS, regardless of ethanol treatment, had increased bout length (Two-way ANOVA; p = 0.001) and beam crosses per bout (p < 0.001), but not number of bouts per day (p = 0.64), compared to perL in LD. In DD, perS had increased bout length (p = 0.005) and beam crosses per bout (p < 0.001), but had decreased number of bouts per day (p < 0.001) compared to perL. There was no genotype by ethanol interaction for the bout duration, number of counts per bout, and number of bouts per day in LD or DD (all p > 0.10), except that perL exposed to larval-ethanol showed more bouts per day than control perL in DD (p = 0.028). This result suggests that perL may be more sensitive to the effects of ethanol on activity than perS. There were no differences between CS receiving ethanol and controls for the bout analysis (t-tests, all p > 0.10). The results from the bout analyses are different from a previous report using mice, where mean bout duration and quantity was altered during ethanol exposure and withdrawal in a 1-min light pulse skeleton photoperiod [15] . This implies that there may be species differences in the effects of ethanol on the organization of locomotor activity between Drosophila and mammals.
CS receiving larval 10%-ethanol treatment had a significantly shortened mean free-running period (24.13 ± .04 h) compared to CS controls (24.35 ± .05 h; t 1,48 = 3.59; p = 0.002), confirming the results of our previous study (Figs. 1 and 2a) [12] . This shortening of the circadian period corresponded with a trending, but statistically non-significant reduction of per mRNA level in larval 10%-ethanol treated flies at ZT 12 (t 1,4 = 2.55; p = 0.064, Fig. 2b ). Control and 10%-ethanol-treated perL flies had a mean free-running period of 28.73 ± .16 h and 28.15 ± .11 h, respectively (Two-Way ANOVA F 1,110 = 15.31; p < 0.001; p = 0.029; Figs. 1 and 3a) , while control and 10% ethanol-treated perS flies had a mean free-running period of 19.33 ± .10 h and 19.90 ± .14 h, respectively (p = 0.038; Fig. 3a) . Of course, perS have a significantly shorter free-running period than perL, regardless of ethanol exposure (p < 0.001). The shortening of the free-running period in ethanol-treated perL flies corresponded to a significant decrease in per mRNA level at ZT 12 (t 1,5 = 3.25; p = 0.045; Fig. 3b ) compared to control perL flies. In contrast, perS receiving larval 10%-ethanol had a significantly higher per mRNA level (t 1,4 = 4.09; p = 0.030; Fig. 3b ) than the control perS group.
Although both CS and perL displayed a shorter circadian period when treated with ethanol, only the perL showed a significantly reduced level of per at ZT 12. One possibility for this difference might be the extent of the period difference produced among the wild-type (CS) and two mutant strains. Ethanol produces an alteration of the free-running period of approximately 0.20-0.25 h in CS (similar to what is found within mammalian studies), while producing differences greater than 0.50 h in per mutants. Thus, the smaller decrease in per mRNA levels might be reflective of the smaller change in circadian period by ethanol, when compared to the mutants. The results from these per mutant experiments are some of the first to show that ethanol exposure affects the circadian clock differently between organisms with very short free-running periods compared to long periods, both behaviorally and molecularly. In summary, these results confirm and extend the work on the effects of chronic ethanol consumption on development and the circadian clock, which are consistent between rats and fruit flies. The alterations in overall per mRNA levels by developmental ethanol exposure found in this study provide an explanation for the subsequent shortening or lengthening of the locomotor freerunning rhythm found in the Drosophila per mutants.
Modifying per transcript level is one mechanism that leads to altered behavioral circadian rhythms, as lithium produces both lengthened locomotor activity rhythms and significantly higher per2 levels, in adult mice [16] . Other studies have also documented that ethanol consumption affects per mRNA levels, in both developing animals [7, 8] and in adult animals [6] . Perinatal ethanol exposure decreases per1 mRNA levels at ZT 7, and per2 mRNA levels at ZT 15, in LD in SCN of Sprague-Dawley rats [8] . SpragueDawley rats exposed to early neonatal ethanol exposure expressed depressed per1 and per2 mRNA levels at CT 6, and an altered freerunning period in the adult even after ethanol treatment ended [7] . While the differences between the results of these two studies might be due to the different lighting conditions and/or the timing of ethanol exposure, it is worth noting that both adult and developmental ethanol exposure significantly decreased per1 and per2 levels only at the peak of the mRNA expression rhythm in each of those specific conditions, and at no other circadian time points. As per gene mRNA expression in adult fly heads peaks at or close to ZT 12 [17] , our results showing ethanol modulation of the Drosophila per gene in perS and perL at ZT 12 are consistent with that observation.
Our results show that larval ethanol treatment alters both the behavioral and molecular rhythms of per mutants in a baseline free-running rhythm dependent manner. Previous work has illustrated ethanol-consumption-dependent lengthening or shortening of the free-running rhythm based upon the individual's baseline period in Long-Evans rats [4] . Taken together there appears to be an emerging body of evidence demonstrating that the effects of ethanol on the circadian clock are dependent upon the innate freerunning period of the organism, and those effects are mediated through altered per expression levels.
These results also demonstrate that developmental environmental factors can alter the adult circadian clock behavior and molecular state even after the treatment stimulus has ended. Light-pulses during first instar larvae can have lasting effects into adulthood [18] ; Drosophila larvae also exhibit cyclical oscillations of PER and other clock proteins [19] . A recent study has shown that mice exposed to differing seasonal photoperiods perinatally show lasting effects on the adult circadian clock. Per1:GFP mice exposed to long-day seasonal photoperiods show significantly earlier peaks in per1 rhythms within individual SCN neurons, in addition to shortened behavioral rhythms, which can persist for several weeks after alternate photoperiodic input [20] .
One possibility for the developmental affects seen in this study is through the effects of slowpoke, which encodes BK-channels, is necessary and sufficient to induce ethanol tolerance [21] , and upon deletion, leads to arrhythmia in flies [22] . As slowpoke induction leads to ethanol resistance, developmental ethanol exposure should induce high levels of slowpoke expression throughout development, which can lead to differing free-running period lengths. PER and TIM cycling is, however, similar between slowpoke mutants and wild-type flies, indicating that the arrhythmia caused by slowpoke deletion is downstream of the oscillator [22] . Thus, effects of ethanol on slowpoke expression may be affecting the downstream processes, while the current results show that larval ethanol exposure affects the circadian oscillator directly by altering per mRNA expression. Developmental effects on slowpoke in wild-type flies, however, have not been examined and cannot be ruled out in the present study. It is interesting to note that both per and slowpoke mutants show altered courtship songs [23] . If flies reared on ethanol have slightly altered per and slowpoke expression they might also have altered courtship songs. This may promote assortative mating with respect to developmental ethanol exposure, since it should create a slight variation in courtship song frequency which could allow females to recognize males whose courtship song frequencies reflect rearing in ethanol. Future studies could test whether males reared on ethanol have an altered courtship song and whether the ethanol-raised females prefer to mate with them.
The differing effect of ethanol on the circadian period seen in perS and perL may also be partly due to the effects of ethanol on PER degradation. Casein Kinase 1 (CK1) inhibitors prevent relapselike ethanol consumption in rats, indicating a link between PER degradation and ethanol drinking [24] . Ethanol might be affecting the ortholog of CK1, doubletime (dbt), which is responsible for PER degradation in Drosophila. So while our study showed that larval ethanol affects per mRNA levels in per mutants, ethanol might also be affecting the PER turnover rate differently in the per mutants by affecting dbt function, manifesting itself in lengthening or shortening of the behavioral free-running periods in perS and perL, respectively. It is worth noting, however, that CK1 cannot rescue or replace dbt function in Drosophila [25] , so there are differences between the two species that needs to be examined further. Future studies are needed to determine the effects of ethanol exposure on the trafficking of mRNA and proteins that specifically regulate the circadian clock (i.e., the "core-clock" genes), in different species. Regardless of the effects of ethanol PER degradation, as larval-ethanol treatment alters per mRNA levels, our results indicate that ethanol affects the genetic mechanism of the circadian clock itself differently in organisms with different period lengths. Since fruit fly and mammalian circadian systems both appear to have the potential to display a significant degree of plasticity in response to developmental conditions, it would also be interesting to investigate the potential for transgenerational expression of these effects in further experiments.
The lengthening of the free-running rhythm and increases found in per transcript levels in perS may have implications for other sleep and circadian disorders, including familial advanced sleep-phase syndrome (FASPS), which is characterized by having behavioral and physiological rhythms phase advanced by several hours and is associated with a mutation in the human per2 gene. Both perS [26] and humans with FASPS [27] exhibit premature nuclear degradation and clearance of dPER and hPER2 (respectively for each species), which is one of the causes of the severely advanced rhythms seen in these organisms. Additionally, the same mutation in human per2 found by the Spanagel lab [13] is significantly associated with both alcoholism and sleep problems, including premature final awakening in adolescent males [28] . Investigating the mechanisms underlying the effects of ethanol on circadian clock function in wild-type and mutant strains may lead to better understanding of how individual differences in circadian period may alter response to chronic or developmental ethanol exposure and its potential relevance to understanding mechanisms involved in addiction to alcohol.
